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Mechanical Induction of Twist
in the Drosophila Foregut/Stomodeal Primordium
and the mechanical movements that create the physical
shape of the embryo. The first consists of a cascade of
developmental gene expression [1–3], which specifies
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The second type of embryonic morphogenetic pro-
cess comprises the cell movements that determine the
physical shape of the embryo. This sequence of morpho-Summary
genetic movements is initiated at gastrulation and is
tightly controlled by the cascade of developmental geneBackground: Morphogenetic movements are closely
expression [10, 11]. The first movement of the Drosoph-regulated by the expression of developmental genes.
ila gastrulation is mesoderm invagination. Under theHere I examine whether developmental gene expression
control of twist and snail, individual mesoderm cellscan in turn be mechanically regulated by morphogenetic
change shape from a cylinder into a trapezoidal form,movements. I have analyzed the effects of mechanical
inducing the curvature necessary for an invagination ofstress on the expression of Twist, which is normally
the mesoderm into the yolk [12, 13]. After the mesodermexpressed only in the most ventral cells of the cellular
invaginates, the germ-band begins to extend. This con-blastoderm embryo under the control of the Dorsal mor-
vergent-extension movement results in an increase inphogen gradient. At embryogenesis gastrulation (stage
the length of the invaginated mesoderm in the direction7), Twist is also expressed in the anterior foregut and
of the posterior pole of the embryo [13] (see Figure 6Astomodeal primordia.
for details). Germ-band extension is under the controlResults: Submitting the early Drosophila embryo to a
of the three maternal pathways that pattern the anterior-transient 10% uniaxial lateral deformation induces the
posterior axis of the embryo and does not occur in theectopic expression of Twist around the entire dorsal-
embryos of bicoid, nanos, torso-like mutant mothers, inventral axis and results in the ventralization of the em-
which all three pathways are ablated [14]. Dorsal-ventralbryo. This induction is independent of the Dorsal gradi-
patterning also contributes to the germ-band extensionent and is triggered by mechanically induced Armadillo
driving force [13, 15]. During germ-band extension, thenuclear translocation. I also show that Twist is not ex-
endodermal anterior midgut invagination forms (at earlypressed in the anterior foregut and stomodeal primordia
germ-band extension), in addition to the stomodeal fore-at stage 7 in mutants that block the morphogenetic
gut invagination [13] (at late germ-band extension; seemovement of germ-band extension. Because I can res-
Figure 6A for details). Both invaginations, as well ascue the mutants with gentle compression of these cells,
the subsequent development and differentiation of themy interpretation is that the stomodeal-cell compres-
anterior digestive tract, are under the control of the ven-sion normally caused by the germ-band extension in-
tral genes twist and snail and of the terminal gene hucke-duces the expression of Twist. Correspondingly, laser
bein [16].ablation of dorsal cells in wild-type embryos relaxes
In other species, the genetic control of these distinctstomodeal cell compression and reduces Twist expres-
morphogenetic movements is beginning to be under-sion in the stomodeal primordium. I also demonstrate
stood. For instance, the translocation of beta-cateninthat the induction of Twist in these cells depends on
into the nuclei of the mesectoderm cells of sea urchinthe nuclear translocation of Armadillo.
embryos determines meso-endodermal cell fate and in-Conclusions: I propose that anterior-gut formation is
duces their invagination, at gastrulation [17]. Beta-mechanically induced by the movement of germ-band
catenin translocation into the nuclei of these cells imme-extension through the induction of Twist expression in
diately precedes their invagination [18–20]. The nuclearstomodeal cells.
translocation of beta-catenin is also observed in the
mesendoderm cells of zebrafish, just before these cells
Background involute at the onset of epiboly—from 4 hr (sphere stage)
to 7 hr (shield stage) [21]. However, the maternal mecha-
Embryogenesis combines two main types of morphoge- nisms that control these movements of beta-catenin into
netic processes: the genetic patterning of the body plan the nuclei are only poorly understood [17, 18, 21].
Can morphogenetic movements of the embryo control
or modulate the patterning of developmental gene ex-*Correspondence: efarge@curie.fr
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pression? Morphogenetic cell migrations are already min after the end of the deformation in order to observe
the expression of early patterning genes about 10 minknown to be important for classical induction because
they cause changes in cell-cell contacts that lead to after the initiation of the deformation. The mechanical
deformation was applied to early cellular blastodermnew local interactions [22]. However, it is unknown if
developmental gene expression is controlled by me- embryos (stage 5) and to embryos at stage 7 to stage
8, which correspond to the first 60 min of gastrulationchanical changes, such as a compression, dilation, or
bending, in the shape of embryonic tissues. The simplest [27]. I then examined the transcription patterns of four
early dorsal-ventral genes (twist, snail, zen, and dpp)way that such a shape change could control the expres-
sion of developmental genes would be if these genes and two early anterior-posterior and terminal genes
(hunchback and huckebein).were sensitive to mechanical stress. Any active morpho-
genetic movement is necessarily associated with a pas- Mechanical unilateral deformation of the embryos in-
duced the ectopic expression of Twist protein through-sive strain deformation in the adjacent embryonic tis-
sues. Such deformations could regulate the expression out the ectoderm at both cellularization (Figure 1C) and
the onset of gastrulation (Figure S1A, available with theof genes that are mechano-sensitive, in particular in
strongly strain-deformed cell domains. Supplemental Data online). Twist expression was sys-
tematically explored as a function of the duration ofThe mechano-sensitivity of gene expression is a well-
known property of mammalian cells submitted to con- mechanical deformation, with fixation immediately after
the end of perturbation. Twist expression is first de-stant mechanical stresses; such cells include osteo-
blasts and the endothelial cells that line blood vessels. tected in most of the embryos after 8 min of the applied
mechanical strain (Figures 1D and 1E), which is compa-One of the main components of the mechano-sensitive
response in vein endothelial cells is the active nuclear rable to the time taken for protein expression to be
observed after the induction of heat shock-inducibletranslocation of Nf-KB, which triggers the transcription
of PDGF and thereby modulates the rate of cell division promotors [28]. Twist is not ectopically expressed in
embryos that were placed between the air-permeableas a function of the hydrodynamic flux to which the cells
are subjected [23]. In osteoblasts, mechanical stress on membrane and cover-slip without deformation, demon-
strating that the induction is a specific consequence ofthe plasma membrane inhibits the endocytosis of BMP2
and amplifies the nuclear translocation of a Smad-family the shape change. (see Figure S1B).
Such mechanically induced expression of Twist wastranscription factor, which triggers and maintains osteo-
blast differentiation [24]. In addition, cell growth, cell confirmed with twi-lacZ transgenic flies (see Figure 2A)
and by in situ hybridations to twist RNA (Figure 2B).differentiation, migratory cell speed, and cell apoptosis
can be mechanically controlled by the shape of the cell, Furthermore, the embryos exhibited a ventralized phe-
notype and failed to invaginate mesoderm (Figure 3B).through mechanisms involving the cytoskeleton or ad-
hesive contacts [25, 26]. An identical phenotype is seen when twist expression
is driven throughout the embryo ([12]; Figure 3C). BothAlthough embryogenesis is composed of many major
morphogenetic movements, the role of mechano-sensi- methods also revealed complete transcriptional ventrali-
zation of the deformed embryo, with ectopic transcrip-tivity in the regulation of developmental gene expression
remains unexplored. Here I show that the expression tion of snail and repression of the two dorsal genes,
dpp and zen (Figures S2A and S2B). In addition, theof Twist is sensitive to mechanical stress through the
nuclear translocation of Armadillo. Furthermore, this shape change induced the repression of the terminal-
gene product Huckebein but had no effect on the tran-mechanism operates during wild-type development; the
expression of Twist in the anterior foregut and stomo- scription of the anterior gap gene hunchback (Figure
S2C). Thus, the mechanical shape change of the embryodeal primodia is mechanically induced at the onset of
gastrulation by strain compression produced by the first most specifically modulates dorsal-ventral gene ex-
pression.phase of the germ-band extension.
Surprisingly, the ectopic expression of Twist is inde-
pendent of the maternal dorsal-ventral patterning sys-
Results tem; it still occurs in embryos derived from dorsal and
toll mutant mothers (Figure 4A). Consistent with this, I
Twist Is Ectopically Expressed in Response to a observed no ectopic nuclear transclocation of Dorsal
Uniaxial Compression of the Early Embryo protein (Figure 4B), indicating that the mechanically in-
To investigate the effects of mechanical stress on gene duced expression of Twist is not due to the random
expression, I subjected the embryo to a simple artificial activation or redistribution of any of the maternal deter-
morphogenetic mechanical shape change. Embryos minants of Dorsal nuclear translocation [9, 29]. This
were immersed in halocarbon oil and were laterally de- suggests the existence of a parallel pathway that specifi-
formed with a cover-slip under the control of a piezo- cally triggers Twist expression in response to mechani-
electric device coupled to a micromanipulator (Figure cally changing the shape of the embryo.
1A). I systematically decreased the lateral thickness of
the embryos (perpendicular to the optical focal plane)
in order to increase the mean dorsal-ventral thickness Twist Induction by Shape Change Depends
on the Nuclear Translocation of Armadillo(L//) of the embryos on the order of 10% for 5 min (Figure
1B). The embryos recovered their initial shape after de- Armadillo is a component of the cadherin adhesion com-
plex at the plasma membrane and also acts as a tran-formation (not shown). I then fixed the embryos 5 to 8
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Figure 1. Ectopic Expression of Twist in the Cellular Blastoderm Embryo in Response to Shape Change Generated by External Uniaxial
Mechanical Compression
(A) Schematic description of the device used for deformation under microscope observation (see Materials and Methods for details).
(B) The elastic deformation of the embryo. Left: cellular blastoderm just before deformation. Right: cellular blastoderm during deformation.
(C) Stage 5 ectopic expression of Twist protein in response to deformation in wild-type Oregon R embryos, observed after DAB amplification.
Twist expression upon shape change was observed in 97% of the wild-type embryos (58/60).
(D) Left: Pattern of the Twist expression in all embryos fixed immediately after 4 min of mechanical shape change (11/11). Right: Pattern of
the Twist expression in 95% of the embryos fixed immediately after 10 min of mechanical shape change (18/19).
(E) Percentage of embryos exhibiting ectopic expression of Twist in response to shape change as a function of the duration of application
of the mechanical stress. Embryos were fixed immediately after mechanical perturbation. The anterior is on the left and dorsal is at the top.
scription factor in the Wingless signaling pathway [30]. sistent with this, Twist expression in response to shape
change is inhibited by Axin’s ectopic overexpressionThis dual function raised the possibility that Armadillo
might play a role in coupling mechanical strain at the (driven by maternal-Gal4 VP16 driver crossed with UAS-
Axin), which downregulates Armadillo ([34, 35]; Figuremembrane to transcription. I therefore investigated the
role of Armadillo in the induction of Twist upon embryo 5C). These observations suggest that Armadillo translo-
cates into the nucleus in response to the shape changeshape change by following the localization of Armadillo
protein by confocal microscopy. Armadillo is enriched and may be involved in the activation of Twist ex-
pression.at cell-cell boundaries in cellular blastoderm embryos
and is also present in the cytoplasm ([30, 31]; Figure dTCF/Pangolin is the cofactor necessary for Armadillo-
dependent transcriptional activitation, and a dominant-5A, left). However, mechanical deformation induced the
translocation of Armadillo into the nuclei of all ectoder- negative form of dTCF that no longer binds Armadillo
inhibits the ability of Armadillo to activate transcriptionmal cells in the embryo (Figure 5A, right). The cells of the
deformed epithelium exhibited a rather diffuse labeling, [36, 37]. Ectopic expression of the dominant-negative form
of dTCF/Pangolin (driven by maternal-Gal4 VP16 drivercharacteristic of the diffuse cytoplasmic and nuclear
staining classically observed in Drosophila embryo cells crossed with UAS-dTCFN) also prevented the ectopic
expression of Twist in response to the shape changeundergoing Armadillo nuclear translocation [32]. Fur-
thermore, the ectopic expression of Twist in response (Figure 5D). Interestingly, dominant-negative dTCF res-
cued mesoderm invagination in compressed embryos,to the shape change is impaired in armXP33 (Figure 5B)
and arm043A01 (not shown) zygotic mutants, which impair indicating that wild-type dorso-ventral polarity has been
restored (see Figure 3D). Taken together, these resultsthe transcriptional activity of Armadillo [31, 33, 34]. Con-
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anterior-midgut cells, which lie immediately adjacent to
the mesoderm, invaginate. At the same time, the stomo-
deal primordium cells, directly anterior to the mid-gut
invagination, deform and appear compressed (Figure
6A, right, stage 7, red arrows). This suggests that they
are being “squeezed” between the dorsal compression
driven by germ-band extension and the invaginations
of the foregut and mesoderm.
The expression of Twist in stomodeal cells was exam-
ined by immuno-fluorescence and fluorescence micros-
copy. During mesoderm invagination (Figure 6B, left,
stage 6), Twist is expressed at only low levels in most
cells of the stomodeal primordium (Figure 6B, right, red
arrows). The mean value of Twist labeling in the stomo-
deal primordium relative to the mesoderm was only
12.5%. During the first phase of the germ-band exten-
Figure 2. Ectopic Transcription of twist in the Cellular Blastoderm sion (stage 7, Figure 6B, left), Twist expression increased
Embryo in Response to Shape Change significantly in the strongly deformed stomodeal cells
(A) Optical cut of ectopic expression of the ventral twist lacZ reporter (Figure 6B right, red arrows; mean value of 79% of meso-
gene in response to deformation, applied during blastoderm cellu- derm levels). Thus, the expression of Twist in stomodeal-
larization (stage 5). Ectopic expression of twi-lacZ was observed
primordium cells increased about 8-fold when thesefor 82% of the deformed embryos (58/71).
cells were compressed during the first phase of the(B) Mechanically induced ectopic expression of the twist RNA in
germ-band extension.response to mechanical stress, observed for 90% of the deformed
embryos (27/30).
Stomodeal-Primordium Cells Do Not Express
indicate that the mechanical induction of Twist in re- Twist in bcd, tsl, nos Embryos, which Do Not
sponse to compression depends on the nuclear translo- Undergo Germ-Band Extension
cation and transcriptional activity of Armadillo. To test whether both the deformation and the strong
expression of Twist in stomodeal primordium cells were
Strong Expression of Twist Correlates due to strain compression caused by germ-band exten-
with Deformation of the Stomodeal sion, I analyzed embryos from bicoid, nanos, torso-like
Primordium during the First Phase mothers, which do not undergo germ-band extension
of the Germ-Band Extension (Figure 6C, left; [14]). Synchronized embryos from bcd,
To test whether the expression of Twist is mechanically nos, tsl homozygous mothers were selected under the
induced in embryonic regions that are subjected to de- binocular microscope and were fixed and labeled with
formation by endogenous morphogenetic movements, anti-Twist antibody from 10 to 30 min after the end of
I focused on the expression of Twist in domains that mesoderm invagination. None of these embryos showed
exhibit strong deformation at gastrulation: the cells of mechanical deformation of the stomodeal primordium
stomodeal primordium at the onset of the germ-band (Figure 3C, right, red arrows). In addition, Twist was only
extension. expressed at background levels in all anterior stomo-
The deformation of stomodeal cells was followed by deal-primordium cells (Figure 6C, right, red arrows). The
2-photon microscopy with nls-GFP [38] during the first mean value of Twist labeling in the stomodeal primor-
30 min of gastrulation (Figure 6A, right). The mesoderm dium relative to the mesoderm was only 16.1%, only
invaginates during the first 20 min of this period (stage 13.5% higher than background. These results show that
6), but the germ-band does not extend (Figure 6A, left, Twist expression in stomodeal-primordium cells at
in green). At the anterior pole of the embryo, the cells stage 7 is dramatically reduced in the absence of germ-
that are directly adjacent to the invaginating mesoderm, band extension. Moreover, stomodeal expression of
and which comprise the anterior midgut primordium Twist in the mutant is comparable to its expression in
and the foregut and stomodeal primordium, remain lin- wild-type embryos prior to the deformation of the stomo-
early ordered and are not deformed (Figure 6A, right; deal cells (Figure 6B, stage 6). Given the mechanical
[16, 39, 40]). sensitivity of Twist (Figure 1C), these results suggest
The first phase of the germ-band extension begins that the strong expression of Twist in the stomodeum
once the mesoderm has invaginated (Figure 6A, left,
at stage 7 is mechanically induced by compression,
green arrow, stage 7). During extension, the posterior
caused by the first phase of the germ-band extension.
half of the mesoderm is pushed posteriorly and extends
under the dorsal part of the embryo (green arrow). This
Mechanical Compression Can Rescue Twistis followed by a buckling-like deformation of the most
Expression in the Stomodeal Primordiumdorsal tissues (below green arrow), suggesting that the
of bcd, nos, tsl Embryosanterior-pole cells are pushed by the dorsal tissue
To test whether the loss of Twist expression in the sto-against the invaginated mesoderm. Note that at the
modeal primordium in bcd, nos, tsl embryos was duesame time, the most anterior part of the mesoderm
to the absence of the mechanical compression causedmoves anteriorly and slightly pushes the anterior-pole
cells form the other side (not shown). Within 10 min, the by germ-band extension or was a direct consequence
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Figure 3. Phenotype in Response to Global Uniaxial Mechanical Deformation
(A) Morphogenetic sequence of the unconstrained embryo. 0–5 min: stage 5, 20–15 min before the end of cellularization, and before the
beginning of mesoderm invagination. 20 min: stage 5, end of cellularization. 30 min: stage 6 (mid-invagination), ventral cells internalize within
the embryo as a result of mesoderm invagination (black arrow). The germ-band is not yet extended (gray arrow). 40 min: stage 7, the mesoderm
has invaginated (black arrow). The germ-band extends (gray arrow) and pushes the dorsal tissue from the posterior pole toward the anterior
pole (white arrow). 50 min: stage 8, the mesoderm flattens (black arrow), and the germ-band extension progresses.
(B) Morphogenic sequence of the constrained embryo. For inducing ectopic expression of the Twist protein before the onset of gastrulation
(see Figure 1E), the shape change was applied 15–20 min before the initiation of mesoderm invagination. Cellularization was not perturbed
by the shape change. Neither mesoderm invagination (30 min) nor germ-band extension morphogenetic movement (40 min and after) was
observed, as predicted for ventralized embryos expressing Twist ectopically [12] and repressing zen [15]. The 50 min phenotype remained
definitively stable. The observation was successfully reproduced for each of the eight experiments.
(C) Morphogenetic sequence of embryos from Toll gain-of-function mutant homozygous mothers, Toll10B, expressing Twist ectopically [12].
Like in the wild-type constrained embryo, no mesoderm invagination was observed at 30 min in the strongest Toll10B mutant phenotypes.
In this mutant, a symmetric germ-band extension is initiated between 40 min and 50 min, inducing various folds in the tissue embryo.
(D) Morphogenetic sequence of dTCF dominant-negative embryos derived from Mat-Gal4 crossed with UAS-dTCFN; these embryos exhibit
no mechanically induced ectopic expression of Twist (see Figure 5D). Mesoderm invagination is rescued at 30 min, as in wild-type unconstrained
embryos (see [A]). The rescue of the germ-band extension was also observed from 40 min to later stages.
of the patterning defects in these embryos, I locally bcd, tsl mutant embryos can be considered as equiva-
lent to bcd, nos, tsl mutants with respect to their anteriorcompressed the stomodeal cells with a 50 m micro-
manipulated point. Gently pushing (by 20 m) the cells patterning because Nanos protein is only expressed in
the posterior half of the embryo [41, 42]. However, theof the anterior tip of the embryo against the invaginated
mesoderm for 10 min mimicked their compression by former still undergo a normal germ-band extension.
These bcd, tsl mutant embryos show a relatively normalgerm-band extension (Figure 6D). Twist was strongly
expressed in the compressed stomodeal cells, with a compression of the stomodeal cells, which express
Twist at levels similar to those of the wild-type (the meanmean expression level relative to the mesoderm of 94%,
which is similar to that measured in the stomodeal cells expression value relative to the mesoderm is 72.2%;
Figure 6E). This provides further evidence that the ex-of wild-type embryos at stage 7. This indicates that the
expression of Twist in stomodeal cells at stage 7 is pression of Twist in the stomodeal cells at stage 7 is
mechanically induced by the morphogenetic movementmechanically induced by anterior-pole cell compression
that is caused by the morphogenetic movement of germ- of germ-band extension and is not under the direct con-
trol of the developmental patterning genes.band extension.
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The lipid droplets of the embryonic yolk invaded the
tissue domain ablated by the tissue photodestruction
and surrounded local unstructured cell tissue residues
(Figure 7A, right). The ablation was applied to individual
nls-GFP embryos for visualization of the photodestruc-
tive effects on the dorsal tissues, as well as the mechani-
cal and phenotypic consequences of the ablation, in vivo
(Figure 7B). After irradiation, diffusion of the destroyed
nuclear GFP-labeled materials into the yolk was ob-
served around unstructured local GFP-labeled residues.
After ablation, the embryos underwent mesoderm inva-
gination and the first phase of the germ-band extension
normally (Figure 7B). However, the germ-band of photo-
ablated embryos extended into the yolk. As a result, the
stomodeal cells remained “linearly” ordered from stage
7 to stage 10 (Figure 7B, stage 8). These results together
denote the loss of mechanical integrity of the dorsal
epithelium after ablation and indicate that the deforma-
tion of the stomodeal cells in wild-type embryos is a
consequence of their compression by the first phase of
the germ-band extension. No significant expression of
Twist was observed in the stomodeal-primordium cells
of the ablated embryos (Figure 7C, right, red arrows),
and the mean value of Twist labeling in the stomodeal
Figure 4. The Dorso-Ventral Maternal Signal Transduction Pathway primordium relative to the mesoderm was only 2.9%.
Is Not Involved in Mechanically Induced Expression of Twist These values are comparable to the expression levels
(A) Ectopic expression of the Twist protein in embryos from amorph of Twist in nondeformed stomodeal cells in the wild-
dorsal homozygous mothers (91%, 47/52) and from toll homozy- type at stage 6, just prior to germ-band extension, as
gous mothers (94%, 45/48) in response to shape change at stage
well as in the bcd, nos, tsl germ-band-defective mutant5. Note that expression of Twist at poles was sometimes observed
at stage 7. These results further demonstrate that theat early stage 5 in toll-unconstrained embryos.
(B) No ectopic nuclear transclocation of Dorsal was observed in expression of Twist in the stomodeal cells at the onset
response to shape change in any constrained embryos (n  50), of gastrulation is mechanically induced by their com-
from short time scales (1 min deformation of the cellular blastoderm, pression, as a result of the first phase of the germ-band
fixed 2 min after shape change at 4C) to long time scales (10 min
extension. Interestingly, neither anterior-midgut nor sto-deformation of the cellular blastoderm, fixed 15 min after shape
modeum invagination, both of which depend on the ex-change at 4C and 25C).
pression of twist [16, 44], occurs in photo-ablated em-
bryos.The Stomodeal Primordium Does Not Deform
and Lacks Expression of Twist after
Photo-Ablation of the Dorsal Epithelium
Compression of Stomodeal-Primordium CellsTo further characterize mechanical induction of Twist in
Induces the Nuclear Translocation of Armadillothe stomodeal-primordium cells, the anterior-pole cells
Because the nuclear translocation of Armadillo plays aof wild-type embryos were mechanically unconnected
role in the induction of Twist by mechanical compressionfrom the posterior pole. The dorsal epithelium of the
in the early embryo, I tested whether it is also involvedembryo is subjected to pressure exerted by the ex-
in its induction in the stomodeal primordium at stage 7.tending germ-band at the posterior pole. It must thus
Armadillo was enriched at the cell cortex of the stomo-transmit the mechanical pressure to the anterior pole
deal cells just before germ-band extension but couldand thereby compress the stomodeal cells against the
not be detected in the nuclei (Figure 8, wild-type stageinvaginations of the mesoderm and foregut (Figure 6A).
6). At stage 7, however, Armadillo exhibited the diffuseThis leads to the prediction that the ablation of the dorsal
cytoplasmic and nuclear stomodeal staining that is typi-epidermis should prevent the propagation of the me-
cally observed in cells undergoing Armadillo nuclearchanical force to the stomodeal cells and should there-
translocation [32]. bcd, nos, tsl mutant embryos, whichfore compromise Twist induction. To test this hypothe-
do not undergo germ-band extension, exhibited no sig-sis, I photo-ablated a dorsal band of tissue, 35 m wide
nificant nuclear labeling of Armadillo in the stomodealand 200 m long, which mechanically links the posterior
cells at this stage, whereas bcd, tsl embryos, which dopole to the anterior-pole cells. The ablation was per-
germ-band extend, showed the same nuclear accumula-formed with high-power destructive 2 photon micros-
tion of Armadillo as the wild-type (Figure 8, bcd, nos,copy [43] at the end of the last 10 min of cellularization,
tsl and bcd, tsl stage7). Furthermore, the nuclear accu-just before the initiation of gastrulation. The irradiation
mulation of Armadillo in bcd, nos, tsl embryos could bewas instantaneous (15s) compared to the time scale of
rescued by compression of the stomodeal cells with thethe morphogenetic movements of gastrulation (10–20
50 m point (Figure 8, stage 7, Rescued). Finally, nomin). Transmission light microscopy revealed the ab-
significant nuclear labeling of Armadillo was observedsence of dorsal epithelial-cell tissue in the irradiation
domain of embryos fixed just after treatment (Figure 7A). in nls-GFP wild-type embryos that had the anterior pole
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Figure 5. Ectopic Expression of Twist in the Cellular Blastoderm Embryo in Response to Shape Change Is Dependent on Armadillo
(A) Nuclear translocation of Armadillo in the epithelium of the cellular blastoderm in response to deformation. Unconstrained cellular blastoderm
embryos exhibited Armadillo localization to the zonula adherens but not to the nucleus (left, 0/31). In contrast, nuclear localization of Armadillo
was detected in 85% of constrained embryos (right, 28/33).
(B) Lack of ectopic expression of Twist in the armXP33 zygotic mutant of Armadillo upon cellular blastoderm deformation. armXP33 mutants were
balanced with the FM7 (ftz::lacZ), and their progeny were double-labeled with anti-beta-galactosidase in order to distinguish the hemizygous
zygotic mutant class (armXP33/Y), whose members are negative for beta-galactozidase expression. ftz-lacZ nonlabeled zygotic mutant embryos
represented 25.4% of the deformed embryos (15/59). None of these mutant embryos showed ectopic expression of Twist in response to
shape change (0/15), whereas 92.5% of the nonmutant embryos exhibited ectopic expression of Twist (44/59, not shown). Similar results were
obtained with the arm043A01 mutant, equivalent to armXP33 (not shown).
(C) Lack of ectopic expression of Twist in 91% of embryos from maternal-Gal4 VP16 crossed with UAS-Axin (28/31).
(D) Lack of ectopic expression of Twist in all embryos from maternal-Gal4 VP16 crossed with UAS-dTCFN (0/27).
mechanically disconnected from the extending germ- dillo is necessary for Twist expression in stomodeal cells
at stage 7. Interestingly, embryos mutant for winglessband by photo-ablation of the dorsal epithelium (Figure
8, Ablated stage 7). These results show that the nuclear expressed Twist at wild-type levels in the stomodeum
(76% of the level in the mesoderm [not shown]), demon-localization of Armadillo in the stomodeal cells depends
on their mechanical compression by the extending strating that the nuclear localization of Armadillo is inde-
pendent of Wingless signaling. These results indicategerm-band and correlates with the strong expression
of Twist in these cells. that the expression of Twist in stomodeal cells at the
onset of gastrulation is induced by the nuclear transloca-
tion of Armadillo as a result of the mechanical compres-Twist Expression in the Stomodeum Requires the
sion produced in anterior-pole cells by the first phaseTranscriptional Activity of Armadillo
of germ-band extension.To test whether the mechanically induced nuclear trans-
location of Armadillo is required for the expression of
Twist in the stomodeal primordium, I analyzed mutant Discussion
conditions that impair the transcriptional activation
function of Armadillo. Both armXP33 (Figure 9) and During early development, embryos undergo morphoge-
arm043A01 (not shown) mutants expressed Twist at only netic movements that give rise to the physical shape of
low levels in stomodeal cells (the mean value of Twist the organism. These movements, which begin at gastru-
labeling in the stomodeal primordium relative to the lation, are under the control of the developmental gene
mesoderm was 8%). Similarly, embryos overexpressing expression cascade. Here it is shown that the reverse
Axin showed no significant expression of Twist in stomo- is also true, namely that gene expression can be modu-
deal cells (8% of the level in the mesoderm). Dominant- lated by the mechanical effects of the morphogenetic
negative Pangolin/dTCF also inhibited the expression movements of the embryo. Stress-induced gene expres-
of Twist in the stomodeal cells at stage 7 (16.5% of the sion is a well-known property of mammalian cells sub-
level in the mesoderm). These levels of Twist staining mitted to constant mechanical strains [23–26]. Here I
in the stomodeum are comparable to those seen in em- find that early developmental gene expression can be
bryos in which the compression of the stomodeal cells modulated because of exogenously and endogenously
is blocked and are significantly lower than those ob- induced mechanical strains, making the biochemical
served in wild-type embryos (79% of the level in the patterning of the embryo sensitive to the physical shape
change of the embryo.mesoderm). Thus, the transcriptional activity of Arma-
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Figure 6. Cell Tissue Deformation and Twist Expression in Foregut and Stomodeal Primorda Cells at the Onset of the First Phase of the Germ-
Band Extension
(A) Morphogenetic sequence in the stomodeal-primordium cell tissue at the onset of gastrulation. Adapted from [16, 39, 40]. Stage 6: early
stage 6, left. Mesoderm (in green) invaginates during stage 6, without germ-band extension. Mid-stage 6: right, stomodeal cells are not
deformed (red arrows; n 10). Stage 7: left, first phase of the germ-band extension (green arrow), and anterior endodermal midgut invagination
(in red). Right, stomodeal primordium cells are specifically and significantly deformed (red arrows; n  10). Stomodeal-primordium cells are
anteriorly adjacent to endoderm anterior-midgut invagination [16, 39]. They were thus determined at stage 7 and were followed dynamically
under 2 photon microscopy to define their location at stage 6. Stomodeal cells invaginate at stage 10 (not shown).
(B) Twist expression in stomodeal-primordium cells at the onset of gastrulation. Stage 6: Twist is residually expressed in stomodeal cells (red
arrows) at mesoderm mid-invagination, (enlarged image at right; n  27). Stage 7: Twist is strongly expressed in stomodeal cells (red arrows)
during the initiation of the first phase of the germ-band extension (enlarged image at right; n  25). Stomodeal Twist expression is amplified
by a factor of about 8 relative to stage 6 (see text for quantitative analysis).
(C) Expression of Twist in the undeformed stomodeal-primordium tissue (red arrows) of the germ-band extension-defective bcd, nos, tsl
mutants at stage 7 (enlarged image at right). Twist is residually expressed in all deformation-defective stomodeal cells, with labeling on the
order of the labeling at stage 6 (see text for quantitative analysis; n  22).
(D) Recovery of the strong expression of Twist in the stomodeal cells of 93% of the germ-band-defective bcd, nos, tsl mutants at stage 7,
after the rescue of their compression against mesoderm invagination with a 50 m micromanipulated point (see text for quantitative analysis,
26/28). Note the deformation of the stomodeal-cell tissue, as well as of the anterior tip of mesoderm invagination.
(E) Expression of Twist recovers in the deformed stomodeal-primordium tissue (red arrows) in all of the germ-band extension-effective bcd,
tsl mutants at stage 7 (enlarged image at right). Twist is strongly expressed in stomodeal cells at the onset of the first phase of the germ-
band extension (see text for quantitative analysis; n  27).
Artificial Mechanical Shape Change of the Early cells respond to this stress. This suggests that their
transcriptional response is triggered by deformation perEmbryo Induces the Armadillo-Dependent
Expression of Twist se and does not depend on the exact geometry and
amplitude of the mechanical strain applied to each cell.I have shown that lateral compression of the early em-
bryo induces the ectopic expression of Twist around However, it is unclear how the forces required to artifi-
cially deform the embryo lead to embryonic epitheliumthe entire dorsal-ventral axis and results in the ventrali-
zation of the embryo. Despite the probable variations stresses and strains that are related to endogenous
forces and deformations present in the embryo duringin the direction and amplitude of the deformation of
each cell as a function of its location in the embryo, all development.
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Importantly, the mechanical induction of Twist is inde-
pendent of the maternal determinants of dorsal-ventral
polarity [29]. Instead, I show that this induction depends
on the nuclear translocation of Armadillo and its ability
to activate transcription. The mechanism that triggers
the nuclear translocation of Armadillo in response to
mechanical stress is unknown. One possibility is that
mechanical strain activates a noncanonical Wingless
transduction pathway, which releases the cytoplasmic
pool of Armadillo from Axin and allows it to enter the
nucleus [34]. Alternatively, mechanical strain might trig-
ger the release and nuclear localization of the pool of
Armadillo that is associated with Cadherin at the zonula-
adherens. Indeed, this might provide a reason for dual
function of Armadillo as an essential component of
Cadherin adhesion complex and as a transcription fac-
tor [31].
It is interesting to note that the Armadillo homolog,
beta-catenin, translocates into the nuclei at the dorsal
pole of early frog and fish embryos, where it plays a role
in determining dorsal-ventral polarity [45, 46]. Further-
more, the ectopic nuclear localization of beta-catenin
induces the dorsalization of vertebrate embryos [45].
Because the dorsal-ventral axis of invertebrates is in-
verted with respect to that of vertebrates, this corre-
sponds well with the ventralization observed in Dro-
sophila embryos upon the mechanical induction of
Armadillo nuclear localization [47, 48]. Thus, mechanical
compression may reactivate a conserved and ancient
pathway for dorsal-ventral axis formation.
The Endogenous Morphogenetic Movement of
Germ-Band Extension Induces Armadillo-
Dependent Expression of Twist in Foregut and
Stomodeal Primordia Cells
The results presented here suggest that the expression
of Twist in foregut and stomodeal-primordia cells at the
onset of gastrulation is mechanically induced by the
compression caused by germ-band extension and that
this is also mediated by the nuclear translocation of
Armadillo. twist is involved in the differentiation and the
formation of both the foregut and the anterior midgut
Figure 7. Expression of Twist in the Stomodeal-Primordium Cells
[16, 44]. Interestingly, neither the anterior midgut norin Wild-Type nls-GFP Embryos in which the Most Dorsal Epithelium
the stomodeum invaginate in embryos that lack the me-that Mechanically Connects the Anterior Pole to the Extending
chanical compression and do not express Twist be-Germ-Band at the Posterior Pole Has Been Ablated by 2 Photon
Radiation cause epithelial dorsal cells have been photo-ablated.
I propose that, through mechanical induction of twist,(A) Photo-ablation damage of the dorsal epithelium at the end of
stage 5 as observed by transmission light microscopy. Left: the the anterior-gut formation is induced by stomodeal cell
intact epithelium of the anterior pole. Right: no epithelium cell can compression in response to germ-band extension.
be observed in the irradiation domain. The domain ablated by the In addition to its role in dorso-ventral axis formation,
photodestruction of the dorsal epithelial cells is replaced by the
Armadillo is thought to induce the differentiation andembryonic-yolk lipid droplets, which surround local unstructured
invagination of the meso-endoderm cells that give riseresidues of the tissue.
(B) Stages 5–6: White arrows indicate the band (35 m wide, 200 to the gut in other vertebrate and nonvertebrate embryos
m long) of the dorsal epithelium ablated at the end of stage 5. [18–21, 46]. Although the maternal signals that induce
Mid-stage 6: mesoderm invagination is observed. Stage 7: stomo- the nuclear translocation of beta-catenin in zebrafish
deal cells do not deform, and they remain linearly organized (red and Sea Urchins are not known, they have been shown
arrows). The endoderm anterior midgut does not form at stage 7,
to be independent of the classical determinant Winglessand the foregut stomodeal invagination does not form at stage 10
[18, 21]. These results in Drosophila raise the possibility(not shown). Stage 8: the germ-band has extended into the yolk
cytoplasm after mesoderm invagination (n  10).
(C) Lack of Twist expression in the stomodeal primordium at stage
7 in the ablated embryo. Twist is labeled with Texas Red. Twist is
residually expressed in stomodeal cells at stage 7 (n  13, right) in GFP embryos is slightly noisier that FITC labeling in wild-type em-
nls-GFP embryos compared to the wild-type (left; see text forquanti- bryos, which is probably due to the residual overlap between the
tative analysis). Note that Texas Red labeling of Twist in nls- GFP emission spectra and the Texas Red absorption spectra.
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Figure 8. Nuclear Localization of Armadillo in Stomodeal-Primor-
dium Cells during the First Phase of the Germ-Band Extension
WT Stage 6: mid-invagination of the mesoderm in the wild-type;
stomodeal nuclear labeling of Armadillo is residual (see text; n 10).
WT Stage 7: initiation of the first phase of the germ-band extension in Figure 9. Lack of Twist Expression in Stomodeal-Primordium Cells
the wild-type; stomodeal nuclear labeling of Armadillo significantly during the First Phase of the Germ-Band Extension in Embryos
increases, with diffuse cytoplasmic and nuclear staining character- Deficient in the Cytoplasmic Signaling Pool of Armadillo or in Arma-
istic of Drosophila embryo cells undergoing Armadillo nuclear trans- dillo Transcriptional Activity
location (n  12). Bcd, nos, tsl Stage 7: germ-band-defective mu-
armXP33 Stage 7: Twist is residually expressed in the stomodeal-
tants at stage 7. No significant stomodeal nuclear labeling of
primordium cells of all zygotic-mutant embryos (16/16, see text for
Armadillo is observed (n  11). Bcd, nos, tsl Stage 7, Rescued:
quantitative analysis). Axin Stage 7: Similar results were obtained
recovery of the nuclear translocation of Armadillo in the stomodeal
in all the embryos from maternal-Gal4 VP16 crossed with UAS-
cells of the germ-band defective bcd, nos, tsl mutants at stage 7 after
Axin (18/18). dTCFN Stage 7: residual stomodeal-primordium Twist
the rescue of their compression against mesoderm invagination with
expression in 84% of the embryos from maternal-Gal4 VP16 crossed
a 50 m point (n  10). Bcd, tsl Stage 7: germ-band extension-
with UAS-dTCFN (16/19, see text for quantitative analysis).
effective mutants at stage 7. Stomodeal nuclear labeling of Armadillo
recovers (n 12). Ablated Stage 7: photo-ablated nls-GFP embryos
at stage 7. No significant nuclear labeling of Armadillo is observed
(n  10). See text for quantitative analysis. Note that Texas Red homologous to germ-band extension. Indeed, the nu-
labeling of Armadillo in nls-GFP embryos is slightly noisier than FITC clear translocation of beta-catenin and the formation
labeling in wild-type embryos, which is probably due to the residual of the meso-endodermal gut invagination/involution are
overlap between the GFP emission spectra and the Texas Red ab-
concomitant with convergent extension, which tends tosorption spectra.
compress the meso-endoderm cells [3].
These parallels lead us to speculate that mechanical
induction may be an ancient mechanism for inducingthat the nuclear translocation of Armadillo/beta-catenin
in the gut primordia of these embryos might be mechani- gut formation. This could have evolved from a primitive
reflex response to mechanical deformation. Such a re-cally induced by morphogenetic movements that are
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three times independently. Local rescue of anterior pole cells in thesponse might have been the phagocytosis of particles
bcd, nos, tsl germ-band-defective mutant was performed with ain response to physical contact, which has been pro-
50 m metal point, manipulated by a Narishige micro-manipulator.posed to be the “feeding-response” of the earliest or-
In this case, embryos were dechorionated, stacked by use of a
ganisms [49]. The generation of a permanent gut might heptane scotch solution dried on a cover-slip [51], and manipulated
have then been stabilized by the Armadillo-induced ex- one by one.
pression of meso-endodermal genes in response to ge-
netically controlled endogenous morphogenetic move- Two-Photon Tissue Ablation
ments, such as cell intercalation generating convergent Two-photon laser excitation allows local and specific irradiation of
selected tissues into the volume of the embryo. The specific photo-extension. These experiments may have reactivated the
ablation of the 200-m-long, 35-m-wide, most-dorsal tissues wasgenetic pathway of such “fossil sensorial behavior” in
triggered at 830 nm wavelength, 700 mW power, leaving the vitellineearly Drosophila embryos.
membrane intact. To follow photodestruction, cell movements, and
phenotype induced, I used the 2*nlsGFP fly that labels living em-
bryos’ cell nuclei [38].Conclusions
Here it is shown that the compression caused by germ-
band extension induces Twist expression in the foregut Immunostaining
Embryos were dechorionated in bleach and fixed for 30 min at theand stomodeal primordium through an Armadillo-
interface of a heptane/4% formaldehyde PIPES fix as previouslydependent mechanism. It is speculated that mechanical
described [52] for Twist antibody and in 1% formaldehyde PIPESdetermination of meso-endodermal fate could be con-
fix for Arm antibody. Antibody staining was done in PBT (PIPES,
served in many different species and could derive from 0.2% Tween, and 1% Bovine Serum Albumin). Proteins were de-
a primitive phagocytosis-like invagination response to tected with the appropriate antibodies: rabbit anti-Twist, a generous
touch. gift from Siegfried Roth (Ko¨ln University, Germany; dilution 1:5000),
and mouse anti-Armadillo (purified N2 7A1, purchased from Devel-
opmental Studies Hybridoma Bank; dilution 1:400). FITC and TexasExperimental Procedures
Red secondary antibodies were purchased from Vector Laboratories
(dilution 1:100). DAB amplifications were performed with the Vecta-Drosophila Mutant Strains
stain Elite ABC and DAB substrate kits (Vector Laboratories). Em-Oregon-R was used for the wild-type. Stocks were maintained at
bryos were mounted in Vectashield (Vector Laboratories). Imagesroom temperature (typically 22C), and experiments were carried
were obtained with an inverted Leica fluorescence microscope andout at 25C. The mutants used for Dorsal and Toll were, respectively,
an inverted Leica confocal microscope with the pinhole opened todl1 and tollrv2. toll10B, the gain-of-function mutant of toll, was a gift
2.5 m. Quantitative analysis of Twist expression and of Armadillofrom Maria Leptin (Tu¨bingen). The zygotic mutants used for arma-
nuclear labeling was performed with Metamorph software. Imagesdillo, respectively armXP33 and arm043A01, were a gift from Eric
were processed with Metamorph or Adobe Photoshop software.Wieschaus (Princeton University, USA). Balancing these stocks with
Twist and Armadillo behaviors in response to artificial shape changeFM7 (ftz::lacZ) distinguished the hemizygous zygotic mutant class
were observed after a 5 min deformation and fixed for 1 hr at 4C,(arm/Y). The triple mutant bicoid nanos torso-like was a gift from
5 to 8 min after the end of deformation. Simultaneous controls wereRuth Lehmann (New York University Medical Center). The double
systematically carried out for each individual experiment. Use ofmutant bicoid torso-like was purchased from Bloomington, as were
the same probe tube systematically controlled for internal variationsthe wg1-8 and wg1-8/SM6b(eve::lacZ) mutants. The 2*nls-GFP labeling
in antibody staining.living embryos’ cell nuclei was a gift from Jo¨rg Grossniklauss
(Princeton University). The Maternal-Gal4VP16 (or 67.15 stock) con-
taining second and third chromosome inserts of the DNA binding Gene Expression Observation
domain (amino-acid 1-144) of Gal4 fused to the VP16 transcriptional Gene transcription was first monitored with the following lacZ re-
activation domain expressed from the 4-tubulin promotor [50] was porter gene flies: the P-transformation complete promoter chimeric
a gift from D. St Johnston (Cambridge University, UK). UAS-Axin genes twi-lacZ (2.9 kb), sna-lacZ ( 6.0 kb), zen-lacZ (1.6 kb) (Mike
expresses full-length Axin and was a gift from T. Akiyama (University Levine, Berkley), eve-lacZ (6.3 kb) (Peter Lawrence, Cambridge), the
of Tokyo, Japan). UAS-dTCFN expresses a 31 amino acid N-ter- P-element insertion dpp-lacZ (10638) (Dino Yanicostas, Paris), and
minal truncation of dTCF and was purchased from Bloomington. hb-lacZ (John Roote, Cambridge).
Embryos were fixed after deformation in 4% formaldehyde for 40
min as previously described [52]. Beta-galactosidase activity wasMechanical Deformation
Embryos were collected after a 3 hr 45 min laying period at 25C used for assessing dorso-ventral gene transcription and was de-
tected as green fluorescence of the cleaved C12-FDG substrate,and were placed on an air-permeable bio-film membrane (BioFOLIE
25 Heraeus) in halocarbon oil 27 (Sigma) [27], which allowed obser- which has a low level of diffusion (ImaGen Green C12-FDG kit, Molec-
ular Probes, concentration 33 M), observed in Vectashield mediumvation of their developmental stage under binocular lenses. Then,
20 synchronized embryos were selected at a given developmental (Vector Laboratories) under a Leica DM.IRB fluorescence micro-
scope after incubation in PBS at 37C overnight. Observations werestage under binocular lenses (all stages are referred to [27]) and
were laterally placed on the rigid air-permeable bio-film membrane made in duplicate and confirmed by classical X-gal labeling under
the same conditions (not shown). No signal was observed in re-(tensed by the support device) in halocarbon oil under a light micro-
scope. Uni-axial mechanical deformations were then applied with sponse to the shape change in the absence of the substrate or,
for wild-type OregonR embryos, in the presence of the substrate.a cover-slip, the position of which was controlled with a P-762-1L
Polytec PI piezoelectric device in z, associated to an x,y,z and angu- Antero-posterior gene transcription was monitored by classical anti-
body labeling (rabbit anti-betagalactosidase Cappel, dilution 1/200),lar micro-manipulator device. One experiment involved two consec-
utive series of 20 stage-synchronized embryos. The mean amplitude rather than with C12-FDG staining which, in this specific case, was
detectable but less clear. The Huckebein terminal gene productof the deformation was measured under a microscope with Meta-
morph imaging software and was controlled to be 10% of the 100 expression was monitored with hkb antibody, provided by Rachel
Karcavich (University of Oregon).m mean lateral dorso-ventral thickness of the embryos for one
experiment, with a characteristic statistical deviation of 4%. Con- Dorso-ventral gene transcription was further monitored with the
twist, snail, dpp, and zen RNA probes kindly provided by Mike Lev-strained embryos were then collected, fixed, and labeled (see “Stain-
ing” paragraph). Embryos were dechorionated before deformation ine, Nathalie Dostatni, and Eric Brouze´s. In situ hybridation was
performed according to reference [52] and observed with inter-or between the end of deformation and fixation. Each experiment
(two series of constraints followed by the labeling) was reproduced ferential contrast imaging.
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